Exchange coupling is a key ingredient for spin-based quantum technologies since it can be used to entangle spin qubits and create logical spin qubits. However, the influence of the electronic valley degree of freedom in silicon on exchange coupling is presently the subject of important open questions. To experimentally address this question we map the interaction of a single donor coupled to a single-electron quantum dot whose position can be defined with sub-nm precision using a scanning tunneling microscope tip. From the measured map we find that lattice-aperiodic spatial oscillations comprise less than 2 % of exchange, indicating that the donor's ±x and ±y valleys are filtered out of these interactions because the quantum dot contains only ±z valleys. Hence, exchange coupling of a donor and quantum dot is immune to valley-induced variations from inplane donor positioning errors. Given the electrical tunability of quantum dot wavefunctions, this result is promising to realise uniform quantum dot-mediated interactions of donor qubits.
Exchange coupling is a key ingredient for spin-based quantum technologies since it can be used to entangle spin qubits and create logical spin qubits. However, the influence of the electronic valley degree of freedom in silicon on exchange coupling is presently the subject of important open questions. To experimentally address this question we map the interaction of a single donor coupled to a single-electron quantum dot whose position can be defined with sub-nm precision using a scanning tunneling microscope tip. From the measured map we find that lattice-aperiodic spatial oscillations comprise less than 2 % of exchange, indicating that the donor's ±x and ±y valleys are filtered out of these interactions because the quantum dot contains only ±z valleys. Hence, exchange coupling of a donor and quantum dot is immune to valley-induced variations from inplane donor positioning errors. Given the electrical tunability of quantum dot wavefunctions, this result is promising to realise uniform quantum dot-mediated interactions of donor qubits.
Following proposals for spin-based quantum computing [1, 2] , spin qubits have been demonstrated in, e.g., diamond [3] , GaAs [4] [5] [6] [7] , Si donors and Si quantum dots (QDs) [8] [9] [10] [11] [12] . Heisenberg exchange coupling plays a key role in these proposals [1, 2] , and exchange coupling has been used experimentally to couple spins over short distances [5, 11] and to define multi-spin qubits [4, [6] [7] [8] [9] [10] . The latter can be coupled at longer range via electric interactions [6] , as also expected for spin-orbit qubits [13] [14] [15] [16] [17] . For highly coherent donor based spin qubits in silicon, super-exchange, exchange and tunneling have been proposed to mediate donor interactions [18] , create a fault-tolerant donor surface code [19] , and define new qubits [20, 21] , respectively, while donor/QD interactions have been probed in recent experiments [21] [22] [23] [24] .
Due to the central role of tunneling, exchange and superexchange coupling in spin-based quantum computing [1, 2, 4-11, 18-21, 25] , the role of valley degrees freedom of electron wavefunctions in these processes has been the subject of many theoretical studies [26] [27] [28] [29] [30] [31] [32] [33] [34] . Notably, atomic-scale disorder in dopant positions [26] [27] [28] [29] [30] [31] [32] and QD surface roughness [33, 34] have both been predicted to modulate exchange coupling and two-qubit gate fidelities, due to the lattice-aperiodicity of the valley wavevector, and control schemes to recover two-qubit gate infidelities have been proposed [35, 36] . Yet, the role of valleys in exchange coupling has yet to be probed experimentally, and remains a key open question for electron spin based quantum computing in silicon.
Here, we form a single-electron QD underneath a scanned probe tip, and controllably couple it to a single neutral donor in the silicon lattice using sub-nm control of the position R of the QD relative to the donor. The energy spectrum and spatial tunneling probability of the resulting interacting two-electron donor/QD system were measured by single-electron transport [37, 38] . The exchange interaction J(R) between the donor and the QD is found to increase with decreasing R, without any evidence of QD valley phase variation, as expected for an electrostatic QD with ±z valleys [39] which additionally experiences an atomically flat surface. Notably, oscillations in exchange at lattice-aperiodic spatial frequencies are found to comprise less than 2 % of the nominal donor/QD exchange J(R). This evidences a valley filtering effect discussed in valleytronics literature [40] due to weak inter-valley tunneling and exchange, that has yet to be observed in indirect gap materials. Here, the ±x and ±y valleys of the donor, whose wavefunctions contain lattice-aperiodic spatial frequencies, are filtered out of tunneling and exchange because the QD contains only ±z valleys. The lack of lattice-aperiodic oscillations of donor/QD exchange with in-plane donor position is therefore similar to predictions for donor/donor exchange with enhanced ±z valley population [28, 29, 41] . These results are promising for the realisation of uniform exchange couplings between highly coherent donors using tunable, electrostatically defined QDs [18] [19] [20] .
The key ingredient in our experiment is a singleelectron QD whose coupling to individual donors can be tuned by controlling the QD position with sub-nm precision, using a scanning tunnelling microscope (STM) tip (Fig. 1a) . The QD state is formed below a silicon/vacuum surface when the bands are locally bent downwards by the tip due to a bias V applied to a reservoir (Fig. 1b) [43, 44] . The QD and donor are contained in a lightly doped region, above a highly doped reservoir and below a (100) hydrogen terminated surface (Fig. 1a) . The doping gradient was prepared by thermal annealing [37] . The energy of the QD was probed by spatially resolved single-electron tunneling. For the data shown in the dI/dV map of Fig. 1c containing a neutral donor state [37, 45] at V = −0.80 V, we identify the first electron in a tip-induced QD state when the bands are bent downward for the resonance at V ≈ −1.10 V, away from the donor. Notably, the resonance shifts to V = −1.05 V as the QD approaches the neutral donor showing that the coupled donor/QD state has a lower energy than the QD, since less downward bias of the localized state (relative to the reservoir) is required for resonant tunneling.
This spatial dependence of the QD resonance in Fig. 1c is inconsistent with a non-interacting state of the donor and QD. Without interactions, the QD energy would be independent of position (Fig. 1d, lower black line) , while the observed resonance dips locally around donors. Moreover, charging an isolated donor with a second electron would produce an upward curving S(2,0) resonance (Fig. 1d, upper black line) . This is because as the tip moves away from the donor, it is less effective at locally influencing the potential at the donor site [46] , so a larger bias is needed to overcome the donor's on-site Coulomb repulsion. In contrast, the resonance in Fig. 1c flattens out, approaching S(1,1)-like behaviour. Consequently the two-electron (2e) state in Fig. 1c can only be understood as a hybridized superposition of S(1,1) and S(2,0) singlets (Fig. 1d, solid blue) .
Importantly, the donor/QD system forms a molecular state in Fig. 1c since its exchange energy J well exceeds the reservoir tunnel rates, h(Γ in + Γ out ). This result is obtained by combining two experimentally establish inequalities: First dI/dV has a lineshape of a thermally broadened reservoir (Fig. 2a) , so k B T > h(Γ in + Γ out ). Second, J well exceeds k B T , as will be shown later.
The 1e state identified at V = −0.80 V corresponds to the neutral donor's electron tunneling to the tip, and a 1e → 0e donor charge transition. Resolved in real space at an electric field −1±2 MV/m (Fig. 2b) , we identify the A 1 ground state [37, 45] , and depth 6.75a 0 for the donor (a 0 = 0.543 nm) using a comprehensive tunnelling image analysis [47] . With the 2e donor/QD state in the bias window at V = −1.125 V, tunnelling to the tip yields a 2e → 1e charge transition on the coupled donor/QD that when resolved in real space (Fig. 2c ) represents a quasi-particle wavefunction (QPWF) [48] [49] [50] 53] . Following 2e → 1e tunneling, tunneling to the tip (1e → 0e) is much less likely than tunneling from the reservoir (1e → 2e) since Γ in Γ out [52] . Consequently, having the donor/QD resonance in the bias window suppresses tunneling from the neutral donor.
For the discussion of the measured QPWF in Fig. 2c we use the spin singlet model from Fig. 1d where
is the singlet with i electrons on the donor and j on the QD, and c i,j is the probability amplitude for S(i, j). The tunneling current is I(r) = |D(2
, where D is a differential operator that takes the STM tip orbital into account [47, 54] , ψ di (r) is the donor orbital for electron number i, and u q (r) is the lattice-scale part of the QD wavefunction; the QD follows the tip and its full wavefunction cannot be mapped. Indeed, the centre of the donor/QD map (Fig. 2c) is donorlike (Fig. 2b) , as expected from the expression for I(r). Moreover, for tip positions where the donor-like signature disappears, the donor/QD resonance (Fig. 2c) is lattice periodic in the (x, y) plane as expected for a QD wavefunction containing only +z and −z Bloch states [55, 56] .
Importantly, the QD and donor states have a significant overlap, since the QD charge density is expected to peak at z 0 ≈ 3.5a 0 , just ∼ 2 nm from the donor ion at 6.75a 0 . Here, z 0 was estimated using the triangular well approximation [55] 
, where E z = 13 ± 2 MV/m is the electric field and m is the longitudinal electron effective mass in Si.
The remainder of the analysis focuses on the dependence of the donor/QD energy E(x) on donor/QD displacement x, which we will show is dominated by the exchange interaction J(x). E(x) in Fig. 3a , obtained from Fig. 1c and the extracted lever arm[52], varies by 5.5 meV over a 16 nm span. Notably, the interface is atomically flat (Fig. 1c, inset) , which is important since interface steps and rough Si/SiO 2 surfaces will influence the valley degree of freedom and exchange coupling of QDs [33, 34, 39, [57] [58] [59] [60] . For an atomically flat surface, components to donor/QD exchange coupling involving the donor's x and y valleys yield latticeaperiodic Fourier components in E(x). This is because the donor/QD energy map E(x) is dominated by exchange coupling
), which in turn contain tunneling and exchange terms t(x) and J dq (x) with lattice-aperiodic components [27] . Here,
is an effective charging energy, U dd is the donor charging energy and U dq is the QD/donor electron repulsion. The remaining contribution to E(x) is the Coulomb interaction of the QD with the neutral donor, estimated to be ∼ 1 meV [52] . Importantly, the Fourier decomposition of E(x) (Fig. 3b) contains no lattice-aperiodic components above ≈ 1 % of the average of E(x) (at q 110 = 0). Given that J(x) comprises more than 50 % of E(x) and the residual Coulomb interactions in E(x) do not have lattice aperiodic components, the 1% upper bound for E(x) corresponds to a 2 % upper bound of lattice aperiodic components of J(x).
Tunneling and exchange in a coupled donor/QD system differs from two donors [26, 27, [29] [30] [31] [32] because the QD is a superposition of ±z valleys only, and the donor is a six-valley superposition as evidenced by latticeaperiodic components in the Fourier transforms of STM tunnel current maps (Fig. 3c ). Even at an applied electric field of 8 ± 2 MV/m below the 2e resonance (V = −1.010 V), the six-valley donor superposition is weakly perturbed. This is evidenced by the peak at q = ±(+0.15, −0.15)(2π/a 0 ) in the right hand inset of Fig. 3c , whose measured amplitude decreases with decreasing x and y valley population [37, 42] . By comparison with theoretical STM images [47] , we estimate a 0.5 % change in the population of the x and y valleys with the increase in electric field from −1 ± 2 MV/m to 8 ± 2 MV/m [52] .
The spectral decomposition of J(R) can be understood within an extended Hubbard model for donor/QD tunneling t(R)
is a donor wavefunction and ψ q (r) = µ=±z ψ qµ (r) is a QD wavefunction. In J(R), intra-valley (valley preserving) and inter-valley (valley modifying) terms have lattice-aperiodic prefactors exp(ik · R), where k are distributed about the conduction band minima. While the intra-valley tunneling present in donor/donor exchange can be evaluated in the effective mass approximation [27] , it is absent here for x and y valleys due to the QD's ±z valley nature. Only inter-valley tunneling (e.g., x to z valleys in Fig. 1a ) contributes lattice-aperiodic terms exp(ik · R) to J(R). Although these are expected to be negligible when the spatial extent a of the wavefunctions are much larger than a 0 = 0.543 nm [61] , this barely holds in our experiment, since a ∼ 1 nm for donors, and a is a few nm for our QD with 10 meV charging energy. Theoretical prediction of the inter-valley contributions goes beyond the effective mass approximation, and could be accomplished with more sophisticated techniques [29, 32] that predict J oscillations for two donors, albeit damped [29] . Nevertheless, the weakness of observed lattice-aperiodic exchange indicates that inter-valley exchange terms constitutes less than 2 % of the total exchange coupling. Then, the length scale for variations associated with unity scale exchange coupling variations in donor/QD systems is the few nm decay constant of the QD wavefunction, rather than the ∼ 1 nm donor Bohr radius and π/k µ ∼ 0.32 nm valley frequency [27] . Notably, this reasoning applies to tunneling, exchange, and superexchange coupling since each contains terms proportional to t 2 . The uniformity of QD-mediated coupling of donors will further benefit from tuning of the tunnel coupling t to the QD using local gates [19, 20] . This way, similar to donor/donor exchange, residual coupling errors can in principle be corrected by quantum control [35, 36] .
A quantitative theory analysis has been carried out to ensure that the measured spatial variation of donor/QD energy is dominated by exchange. The calculations employ a full configuration interaction (FCI) approach with atomistic tight-binding wavefunctions [32, 62] . A 5 nm STM tip radius was chosen to reproduce the bias where 0e → 1e and 1e → 2e QD transitions occur, away from the donor. The lowering of the addition energy due to donor/QD coupling when the QD is directly over the donor is calculated to be E(x = 0) = 6.8 meV, compared to J(x = 0) = 3.8 meV calculated for the donor/QD singlet/triplet splitting, supporting our claim that E(x) is dominated by J(x).
Finally, we note that E(x) is smooth apart from a 20 cycle lattice periodic oscillation in Fig. 3a . This oscillation is likely an artefact from QD energy and wavefunction changes induced by tip-height variation δz (Fig. 3a, inset) . For the former, an energy shift of δE = eαδz( Si E z ) is expected [38] , where α ≈ 0.1 is the lever arm from our fit. For δz = 40 pm (Fig. 3a , inset) δE = 0.6 meV, in agreement with the measured 0.7 meV oscillation. Notably, the smooth exchange variation in Fig. 3a indicates that the valley phase [34, 58, 59] varies little, even though the electric field varies by ∼ 3 MV/m due to the change in the resonance voltage from V = −1.05 V to V = −1.10 V.
In conclusion, we have spatially mapped the energy of a neutral donor coupled to a single-electron QD that can be positioned in the plane with sub-nm accuracy using an STM tip. These capabilities could be used to perform electrical spin readout of donors [63] using STM and for other impurities such as NV centres [64, 65] . We observe a valley filtering effect where x and y valleys in the donor have negligible influence on exchange coupling with the ±z-valley QD, evidenced by lattice-aperiodic exchange interaction components constituting less than 2 % of the nominal exchange interaction. Rather, we know that variations in the exchange of the donor/QD system originates from the few nm decay constant of the QD wavefunction. These results highlight that, similar to predictions for donor/donor interactions in strained Si, donor/QD interactions [18] [19] [20] [21] do not suffer from valleyinduced variations in exchange due to in-plane donor positioning errors. These results are promising for the realisation of uniform exchange couplings between highly coherent donors using tunable, electrostatically defined QDs [18] [19] [20] that are compatible with an all donor based approach [1, 66] .
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SUPPLEMENTAL MATERIAL Electric field experienced by donor and QD
In this section we experimentally extract the vertical component E z of the tip-induced electric field, which eventually confines a single electron against the vacuum interface of Si in the undoped layer of the sample. It has been modelled using a simple one-dimensional electrostatic description accounting for the dependence of the single-electron tunneling peak voltage U i on tip height z. In this approach, the electric field in the vacuum is given by −dU i /dz, which is reduced by silicon's relative dielectric constant Si giving E z = −( [37, 38] . Electric fields extracted using this procedure are plotted against bias in Fig. 4 . Three different peak voltages from Fig. 1c in the main text were tracked: the donor 1e resonance (i = 1), the donor/QD 2e resonance (i = 2), and the 3e resonance (i = 3).
Donor depth and repopulation of valleys due to electric fields in neutral donor state
In this section we perform and theory/experiment comparison showing that the electric field of the tip has a small impact on the valley population one-electron ground state of the donor. As a baseline, we start with wavefunction measurements in the smallest electric field (Fig. 4 , V = −0.80 V, E = −1 ± 2 MV/m), and where single dopants can be pinpointed with lattice precision in three dimensions [47] . We re-plot the Fourier representation of the tunnel current along a [110] direction for q, for the 6.75a 0 deep donor discussed throughout the main text (a 0 = 0.543 nm) shown in Fig. 5a in the main text. Plotted alongside this data is the same quantity for an applied electric field E z ≈ 8 ± 2 MV/m at a sample bias V = −1.010 V, the same data is shown in Fig. 1c of the main text. Here, the ratio of the side peak at q ≈ 0.22(2π/a 0 ) and the main peak at q = 0, given in Table I , is proportional to product of x and y valley population [37] .
The Fourier decomposition of the predicted STM image for this depth is shown in Fig. 5b , for a uniform electric field E z = 0 MV/m and 8 MV/m, showing a good agreement with experiment with the tip-induced potential. A detailed analysis of the valley population of the donor, carried out on the tight-binding wavefunction using a basis change with the Slater orbitals described elsewhere [37] , reveals only a 1% change in z valley population for the higher field. Based on the good theory/experiment match and the valley repopulation estimate for the theory donor, we estimate the change in z valley population of the measured donor, due to the tipinduced potential that confines the quantum dot (QD), is only around 1 %.
Single-electron tunneling
In the following analysis we show how to extract addition energies for the 1e, 2e, and 3e transitions. We also show that in the limit Γ in Γ out , the presence of the 2 → 1 charge transition in the bias window blocks the 1 → 0 tunneling from contributing to the total current. We employ a classical rate equation analysis of electron tunneling to describe single-electron transport through multiple charge levels in our donor/QD system [67] with thermally broadened reservoirs. The starting point for this model is in ref. 38 . Here, this model is generalized to non-zero temperature and multiple charge states. Within this framework, the total current is given by
Here, ρ i is the probability of i electron occupation. Moreover, Γ t i→i±1 is the tunnel rate from (to) the tip causing a charge transition i → i ± 1 on the donor/QD system, which is given by the product of a bare tunnel rate Γ t i,i±1 and a Fermi-Dirac statistical distribution
−1 for the tip, as follows:
where α i is the lever-arm for the charge state i with bias V , k B is Boltzmann's constant, T = 4.2 K is the sample temperature, and E i is the addition energy of the i- electron state. Note that in our experiment, the reservoir chemical potential is well below the states being probed, relative to temperature, so that electron tunneling from the tip to the bound state Γ t i−1→i is negligible. We use a master equation to solve for ρ i given in ref. 67 , which also contains tunneling in and out of the reservoir in the sample, to the quantized states. Noting that the current depends exponentially on tip height, (Fig. 6a,b) , we can conclude that Γ out = Γ t i,i−1 to the tip is much less than the Γ in = Γ r i−1,i from the reservoir. To zeroth order in Γ out /Γ in , our rate equation model yields
where
is the probability of an electron in the sample reservoir at the energy E i = eαV i for the i th charge state. We fit the measured z-dependent spectrum in Fig. 6a,b . We employ an exponential barrier lowering with bias described by
Fits for the tunnel current in the centre of the donor, and a few nm away from the donor, are shown for different tip heights z as blue lines superimposed on the data in Fig. 6a and establishes the result that when the 2 → 1 charge transition enters the bias window, the tunnel current reflects only this transition, and blocks the 1 → 0 transition from contributing to the total tunneling current. Finally, the extracted energy for the two-electron state E i is given in Fig. 3a in the main text.
We fit the x-dependent spectral data in the main text, Fig. 1c to obtain the voltage V i , lever arm α i and tunnel rate Γ t i,i−1 in this model, and extract the energy E i = eα i V i using V i and spatially smoothed values of α, as plotted in Fig. 3a . The fit of the peak voltage, current, and lever arms are shown Fig. 6d , e and f. Notably for the peak voltage, close to the donor, the parabolic dependence on tip voltage is centred along the same coordinate x o ∼ 2 nm. This offset from the donor center x = 0 probably reflects the difference in the location of the centre of mass of the QD wavefunction, and the atom position where tunneling to the tip occurs.
Simplified Hubbard model for spectrum and images
In this section we theoretically discuss a Hubbard model for the energy spectrum and images that is motivated by features observed in the experiments. Here, the donor-QD system is described by potentials v d of the donor and v q of the QD. Defining two single-electron Hamiltonians h d = T + v d and h q = T + v q , where T is the kinetic energy operator, the states of interest in the separated systems corresponding to the donor and QD are φ d and φ q respectively, which satisfy equations h d φ d = ε d φ d and h q φ q = ε q φ q respectively. Then in the composite system defined by the total applied potential v d + v q , the one-electron problem is determined by the Hamiltonian h = T + v d + v q , and the two-electron problem is determined by the Hamiltonian
q is a function of coordinate r 1 only,
q is a function of coordinate r 2 only, and V (12) is the electronelectron Coulomb repulsion.
To solve the one and two-electron problems we construct a Wannier basis of maximally localized orbitals [68] ,
, where S = φ d |φ q is the overlap. The value g = (1 − √ 1 − S 2 )/S ensures the orthogonality of the Wannier orbitals, i.e., d|q = q|d = 0, while the normalization d|d = q|q = 1 is ensured by the prefactor 1/ 1 + g 2 − 2gS.
One-electron spectrum
For the one-electron Hamiltonian in the Wannier basis {ψ d (r), ψ q (r − R)}, the eigenstates obey
where I is the identity matrix, ∆ = E q − E d is the donor/QD detuning, t = d|h|q is the tunneling from ψ d to ψ q due to the total potential of the donor and tip, and energies E d = d|h|d = ε d + d|v q |d and E q = q|h|q = ε q + q|v d |q reflect confinement by v d and v q due to the donor and tip. The eigenenergies are:
Two-electron spectrum
We expand the two-electron problem in a basis of singlets and triplets of the QD and donor Wannier functions written above. The singlets Ψ S and triplets Ψ T are
(|↑↓ + |↓↑ ), |T + = |↑↑ , and |T − = |↓↓ . We evaluate all the matrix elements of h = h (1) + h (2) + V (12) in the above basis. The singlet and triplet subspaces separate due to their spin orthogonality. The singlet subspace is described by
is an effective charging energy to put two electrons on the donor,
is an effective charging energy to put two electrons on the QD, U= dd|V 12 |dd is the charging energy of the donor level, U dq = dq|V 12 |dq is the mutual Coulomb repulsion of the QD and donor, U= qq|V 12 |qq is the charging energy of the QD level, and J dq = qd|V 12 |dq is an exchange interaction. The simplest limit is to diagonalize the upper 2 × 2 block assuming that double occupation of the QD is unlikely (U e2 − U e1 t), giving
while the triplet energy is given straightforwardly by
Two cases, U e1 > 0 (Fig. 7a , blue lines) and U e1 < 0 (Fig. 7b, blue lines) give qualitatively similar results for E S . For reference, we show the results ignoring tunnel couplings (black lines, Fig. 7a,b) .
Donor/QD resonance transition energy
When the single-electron donor/QD detuning ∆ is much larger than the two-electron effective charging energy, as expected for our experiments, we obtain a transition energy From the definitions of E q and U dq we obtain
where ε q is the energy of the non-interacting QD's ground state, and the final two terms E q,D 0 = q|v d |q + U dq are the Coulombic interaction of the QD with the neutral donor. Finally we rewrite the transition energy as
The purely Coulombic interaction E q,D 0 of the neutral donor and the QD was calculated using
where we have assumed the donor is at the origin. Evaluating this integral using a Monte Carlo technique we find that E q,D 0 varies in space and peaks at ∼ 1 meV for R = 0 when the QD overlaps the donor strongest. The small value of this interaction is attributed to the fact that the donor is neutral. Then, the transition energy should be dominated by exchange terms
accounting for most of the 5.5 meV spatial variation in energy E(x) for Fig. 3a in the main text.
→ 1 transition image
The donor/QD system forms a molecule weakly probed by single-electron tunneling by the reservoirs [49] , such that the STM image represents a quasi-particle wavefunction [48] . For our two-electron state Ψ S (r 1 , r 2 ) = c 11 Ψ S(1,1) (r 1 , r 2 ) + c 20 Ψ S(2,0) (r 1 , r 2 ) and 2 → 1 transition, the quasiparticle wavefunction is
for a single-electron final state ψ i (r). Then the total current is the sum of currents for each possible final state, given by I(r)
where D is a derivative operator accounting for the orbital content of the STM tip [54] . The tip orbital with d-like symmetry d z 2 −1/3r 2 has been found to be important to describe real space STM images of donor-bound electrons in silicon [47] . Considering two possible final states, the one-electron donor state and the one-electron QD state, we obtain
Since the QD follows the tip, we note that only the lattice-periodic component of the QD wavefunction u q (r) can be detected, so we must replace ψ q (r) with u q (r). Doing this we obtain the expression for I(r) presented in the main text. used to model the interactions of the donor and tipinduced QD. Here, the uniform electric field is replaced by a non-uniform potential of an STM tip, as necessary for the STM tip to induce a QD as observed. We describe a procedure for calibrating parameters for the tipinduced potential shown schematically in Fig. 8 , and give some details on how the results quoted in the main text are obtained. Note that the depth d is fixed by singledonor metrology, for measurements taken near the flatband condition [47] .
First, we performed electrostatic calculations of the STM/vacuum/silicon junction using finite element analysis. Then we obtain the single electron energies and wavefunctions of the dot or hybrid donor-dot using atomistic the tight-binding technique including the electrostatic potential. The simulations were done in NEMO3D [69] . Then using the single electron wavefunctions, a basis of two-electron Slater Determinants is constructed and full configuration interaction calculations are performed taking into account the image charges, as described in ref. 62 . Diagonalizing the FCI Hamiltonian, the computed 2e total energies, charging energies and singlet-triplet splittings were obtained.
The STM tip parameters were fixed by comparing the binding energy and charging energy of the QD state when it is far away from the donor, at the boundaries of Fig. 1c in the main text. In our experiment, relative to the flat-band voltage (V ≈ −0.8 V, Fig. 4 ), a sample bias δV = −0.3 V (actual bias V = −1.1 V) and δV = −0.4 V (actual bias V = −1.2 V) are required to bring the state into resonance with the sample reservoir. We could reproduce these binding and charging transitions using a tip radius of r = 5 nm, for an expected reservoir depth of t = 15 nm, a tip opening angle assumed to be θ = 45
• and tip height h = 0.15 nm. Variations in the tip opening angle and tip height were found to have less of an influence than the tip radius and reservoir depth. Reproducing the binding and charging transition voltages gives us confidence that the Bohr radius of the tip-induced QD is similar to the actual value in experiments.
For these tip and reservoir parameters, we estimated the modulation of the two-electron energy when the single-electron QD interacts with the single electron of the neutral donor at the depth determined from our experiments. In our transport experiment this is equivalent to comparing the 0e → 1e transition energy of the QD state in the absence of interactions with the donor (the QD binding energy), to the 1e → 2e transition energy of the QD/donor state, when the tip-induced dot is directly above the donor.
For a donor at 6.75a 0 we obtain ∆E = 53.3 meV -46.5 meV = 6.8 meV, which is very similar to the value 5.5 meV from experiments. Assuming a donor one unit cell closer to the surface at 5.75a 0 gives ∆E = 56.7 meV -46.5 meV = 10.2 meV, a larger interaction. This is because a donor closer to the surface has a larger overlap, and therefore exchange interaction, with the QD.
